Abstract Liver transplantation is believed to reverse the clinical and metabolic abnormalities of cirrhosis. Reduced skeletal muscle mass or sarcopenia contributes to increased mortality and adverse consequences of cirrhosis. Failure of reversal of sarcopenia of cirrhosis after liver transplantation is not well recognized. Six temporally, geographically, and methodologically distinct follow-up studies in 304 cirrhotics reported conflicting data on changes in indirect measures of skeletal muscle mass after transplantation. Distinct measures of body composition but not skeletal muscle mass were used and did not focus on the clinical consequences of sarcopenia after transplantation. A number of studies reported an initial rapid postoperative loss of lean mass followed by incomplete recovery with a maximum follow-up of 2 years. Posttransplant sarcopenia may be responsible for metabolic syndrome and impaired quality of life after liver transplantation. Potential reasons for failure to reverse sarcopenia after liver transplantation include use of immunosuppressive agents [mammalian target of rapamycin (mTOR) and calcineurin inhibitors] that impair skeletal muscle growth and protein accretion. Repeated hospitalizations, posttransplant infections, and renal failure also contribute to posttransplant sarcopenia. Finally, recovery from muscle deconditioning is limited by lack of systematic nutritional and physical-activity-based interventions to improve muscle mass. Despite the compelling data on sarcopenia before liver transplantation, the impact of posttransplant sarcopenia on clinical outcomes is not known. There is a compelling need for studies to examine the mechanisms and consequences of sarcopenia post liver transplantation to permit development of therapies to prevent and reverse this disorder.
Introduction
Liver transplantation is believed to be curative therapy for cirrhosis, and complications such as ascites, encephalopathy, variceal bleeding, hepatorenal syndrome, and pulmonary defects reverse after transplantation [1] [2] [3] [4] . Malnutrition and its component, sarcopenia or loss of skeletal muscle mass, is the most common adverse consequence of cirrhosis [5] [6] [7] [8] . Reversal of malnutrition after transplantation has not been examined critically, but there are sufficient data to suggest that, unlike other complications of cirrhosis that reverse after transplantation, sarcopenia may not [9] . Health-related quality of life (HRQOL) after liver transplantation continues to be impaired and contributes to the economic burden of cirrhosis and liver transplantation [10] . Malnutrition-related reduced HRQOL has been suggested to be due to inability to return to work, which itself is related to poor physical functioning and overall poor health [1, [10] [11] [12] [13] [14] . Even though they have not been specifically examined in patients with cirrhosis, reduced skeletal muscle mass and strength have been consistently associated with reduced quality of life in a number of disorders [15] [16] [17] . Therefore, reduction in or failure to regain skeletal muscle mass after liver transplantation is likely to have health-related and economic consequences. A recent comprehensive review showed limitation in exercise capacity following transplantation, and one of the potential reasons suggested was failure to reverse muscle loss after transplantation [18] . Posttransplant obesity and metabolic syndrome are common after transplantation [19] . Sarcopenia is also more prevalent in patients with different components of the metabolic syndrome [20, 21] . Hence, changes in skeletal muscle mass following liver transplantation may contribute to the reduced quality of life as well as the development of posttransplant metabolic syndrome. Since most studies to date have not specifically addressed post liver transplantation sarcopenia, a comprehensive review was performed to examine the current state of knowledge in this area. The primary focus of the present review is to determine whether the skeletal muscle loss that has been reported to affect over 60 % of cirrhotic patients [22, 23] was reversed after transplantation. Since there are no data on direct measures of skeletal muscle mass, indirect measures using lean body mass, and anthropometric measures of arm muscle area were examined.
Methods
Publications that referred to nutritional status after liver transplantation were evaluated. The search terms included: post liver transplant nutrition, sarcopenia after liver transplantation, malnutrition after liver transplantation, body composition after liver transplantation, nutritional status after liver transplantation, and skeletal muscle after liver transplantation. Medline, Ovid, and Google scholar search engines were used with no time limits. The last date of search was May 2013. A total of seven prospective studies [24] [25] [26] [27] [28] [29] [30] , one retrospective study each in adults [31] and children [32] , and two cross-sectional studies [33, 34] that evaluated the specific issue of nutrition and body composition changes after liver transplantation had been published. In six prospective studies that were included in this review, the data were of high quality as defined by prospective follow-up human studies, sequential comparisons of body composition before and after liver transplantation, and high retention with low dropout rates [24] [25] [26] [27] [28] [29] . In one of the prospective studies, follow-up of body composition was not the primary aim [25] . In the other prospective study, protein calorie malnutrition was defined by an index using a percentage adequacy from reference values for both fat and muscle mass determined by anthropometry. Sequential data for muscle mass or muscle area were not provided, and data were presented as percentages of subjects who were eutrophic or had mild and moderate/severe protein calorie malnutrition [30] . Since it was not possible to determine whether muscle loss did indeed occur at the cost of gaining fat mass, this study [30] was not used for analyses or interpretation. The retrospective study used nutritional assessment data of a nonrandom subgroup of patients who had nutritional evaluations done for at least 180 days after transplantation, and the data were presented mostly as a ratio compared with expected values, so this study was also not used in this review [31] . The study in children used only anthropometric measures, the etiology was fulminant hepatitis in the majority, and the outcome measures included gain in height and body composition [32] . Despite these limitations, this study was included because other studies in children after liver transplant examined growth and height patterns only and did not consider body composition. Heterogeneous tools were employed to measure body composition, including anthropometry, bioelectrical impedance analysis, dualenergy X-ray absorptiometry (DEXA), in vitro neutron activation analysis, and total body potassium. There were two cross-sectional studies that were not of high quality because they did not examine the impact of liver transplantation on body composition or muscle loss on serial evaluation [33, 34] . Another cross-sectional study of body composition using DEXA in 17 children did not have a control group and used reference standards [35] . Other studies that reported posttransplant obesity were not included since their focus was not on skeletal muscle mass or sarcopenia.
Results
A summary of the data from the studies included in this review is shown in Table 1 . Data from four longitudinal studies using paired DEXA, total body potassium, bioelectrical impedance, and skinfold anthropometric measures showed that the increase in body weight after liver transplantation was primarily due to an increase in body fat [24] [25] [26] 29] . Furthermore, there was a significant loss of lean body mass that continued for 9 months after transplantation, and there was no significant increase in lean weight for up to 24 months [24] . Low serum albumin pre transplantation, use of high-dose steroid immunosuppression regimens, and longer hospitalization after transplantation were risk factors for a reduction in lean body mass after liver transplantation in one study [24] . No comments were made regarding posttransplant recurrent disease or renal failure despite all patients being on triple immunosuppressive regimen of corticosteroids, azathioprine, and a calcineurin inhibitor. This was followed by a study in 41 subjects from Australia that evaluated body composition as part of quantifying bone density before and after transplantation. There was a lack of appreciable loss of lean body mass before transplantation in cirrhosis and a gain in total and fat mass after transplantation. This was accompanied by a 3.3 ± 0.8 kg reduction in lean body mass in Table 1 Published data on changes in body composition after liver transplantation
Keogh [25] Platnk [26] Krasnoff [27] Krasnoff [28] Merli [29] Wagner [33] Schutz [34] Number of subjects the legs and trunk with a greater loss of lean mass in men than women [25] . Once again, the impact of etiology of liver disease, type of immunosuppression, and renal dysfunction post transplant on loss of lean body mass was not reported. A subsequent detailed study in 14 patients undergoing liver transplantation who underwent sequential body composition analysis showed that total body protein content was significantly lower than the pre-illness protein content and decreased further in the immediate posttransplantation period [26] . Maximum loss of whole body protein was observed during the first 10 days after transplantation and was estimated to be 0.99 ± 0.12 kg (*1 % total body protein/day). After this period, the total body protein content gradually increased with a total gain of 0.53 ± 0.24 kg (*54 % of total lost after transplantation) by 12 months after transplantation [26] . Loss of total body protein due to cirrhosis was estimated to be *18.5 % of the pre-illness total body protein. Further loss of skeletal muscle protein occurred in the first 10 days after transplantation, followed by a slow but incomplete recovery pattern between 10 and 90 days after transplantation with no further gain in skeletal muscle protein content. Changes in skeletal muscle protein content were accompanied by a similar pattern of increase in skeletal muscle mass that started after day 10 and continued only to day 90. These changes were accompanied by improvement in muscle strength measured by grip strength that improved after transplantation and recovered by 3 months, reaching predicted normal values by 12 months. Respiratory muscle strength also improved significantly by 12 months but remained below that predicted for these patients [26] . In another study, body composition was determined by anthropometric measurements in 25 patients evaluated sequentially after liver transplantation [29] . This study reported a significant improvement in dietary intake by 3 months that persisted to 1 year after surgery. Three months post liver transplantation, whole body weight and triceps skinfold thickness were lower while mid-arm muscle circumference showed a nonsignificant reduction compared with pretransplant measurements. In the subsequent 9 months, body weight and triceps skinfold thickness improved to pretransplant values. Muscle circumference, however, did not show significant improvement. It was interesting that these authors did not observe hypermetabolism in these patients, but the estimated contribution of carbohydrates and fat to total energy changed after transplantation (carbohydrate from 54 to 47 % and fat from 31 to 35 %, pretransplant and at 12 months after transplantation) [29] . A study that examined the nutritional status by anthropometry in 31 consecutive cirrhotic patients at two time points, one 6 months before and another after liver transplantation, by anthropometry reported that nutritional parameters assessed by anthropometry did not show significant differences [36] . A French study that prospectively evaluated nutritional status as the percentage of patients with different degrees of malnutrition without separating changes in fat and fatfree mass showed that noncirrhotic patients had more severe malnutrition than those with cirrhosis at 1 year after transplantation [30] .
However, two reports from a single center reported conflicting results in recipients of liver transplantation [27, 28] . In a large cohort of subjects (n = 169) an increase in lean body mass by DEXA was reported over periods ranging from 12 to 24 months. However, it was interesting that, in the initial report, an increase was reported in males while in female liver transplant recipients no change was observed between 2 and 24 months [27] . In a follow-up study to examine the impact of dietary counseling and exercise compared with usual care, the same group reported no significant change in lean body mass over time in patients who were not in the exercise-nutritional counseling group [28] .
Two cross-sectional studies have been reported [33, 34] . In 71 liver transplant recipients studied at discrete time points beyond 10 years after transplantation, the prevalence of malnutrition identified by phase angle on bioelectrical impedance analysis (BIA) was significantly greater in the first 5 years after transplantation than thereafter [33] . A subsequent cross-sectional study from Germany reported an increase in sarcopenic obesity (loss of skeletal muscle mass with an increase in fat mass) after liver transplantation (n = 42) compared with a cohort of patients with cirrhosis who had not undergone transplantation [34] . Whole body weight, fat mass, and body cell mass measured by bioelectrical impedance analysis were higher at 50 (17.7-100.6) months. These authors also reported that nontransplanted cirrhotics were hypermetabolic while posttransplant resting energy expenditure was similar to predicted.
The study in children showed that anthropometric measures of muscle and fat mass increased after liver transplantation [32] . A careful analysis of the data however showed that about a third of children had failed to maintain growth. The authors did not identify differences between children with and without changes in body composition.
Discussion
Recovery of the metabolic and clinical consequences of cirrhosis is believed to be universal after liver transplantation [1, 11] . Following liver transplantation, even though the metabolic complications including changes in amino acid profile and hormonal changes of cirrhosis [37, 38] reverse, body composition did not improve in three well-conducted follow-up studies [24, 26, 29] and in one study where body composition was a secondary analysis [25] . In the retrospective study in adults, body weight and serum albumin improved [31] . Posttransplant weight gain has been consistently shown to be related to increased fat mass and obesity [39] [40] [41] [42] [43] [44] . Since skeletal muscle contributes about 45-50 % of lean body mass in humans, a reduction in lean body mass is reflective of loss of muscle mass but may not be a precise measure of skeletal muscle loss [45] . In contrast, in two studies from a single center, lean body mass and muscle strength increased after transplantation primarily in males [27, 28] . These effects may be related to systematic differences in the patient population studied, indications for liver transplantation, and use of the Model for End-Stage Liver Disease (MELD) scoring system that altered the definition of severity of liver disease. It is interesting that all four studies reporting worsening loss of muscle mass or lean body mass were from Europe [24, 26, 29, 46] or Australia [25] while those reporting an increase in lean body mass were from a single center in the USA [27, 28] . The data in children that showed improvement in muscle area could not be compared with those in adults because the underlying liver disease and the responses in children are different from in adults.
Critical analyses of these data suggest that, in the majority of cirrhotic patients, the immediate postoperative period is associated with a further reduction in lean body mass. This period can range from 10 to 90 days, following which there is a compensatory recovery phase. Recovery is more robust for fat mass than for skeletal muscle and lean body mass. The posttransplant recovery of lean body mass reported by the majority of authors has been suboptimal and does not reach the premorbid levels [24-26, 29, 46] . Thus, loss of lean body mass is consistent prior to liver transplantation and worsens in the early posttransplant period; the recovery of protein synthesis is impaired, resulting in long-term persistence of the low muscle mass. These are supported by the retrospective study where patients were evaluated at two different time points after transplantation. In the two studies that reported an increase in lean body mass post transplantation from a single center, it is interesting that the focus was on exercise-mediated gain in lean body mass [27, 28] . In contrast, the other centers that published data on a loss of lean body mass did not report on posttransplant exercise or specific nutritional recommendations. A number of studies have examined the impact of nutritional interventions on the immediate postoperative period [47] . The Cochrane review did not find any benefit of nutritional interventions in the immediate postoperative period. Their role in the management of the posttransplant period has not been evaluated carefully. There may be a beneficial role for perioperative branchedchain amino acid supplementation in improving immediate post liver transplant prealbumin and substrate utilization [48] . The role of amino acid supplementation in the longterm management of the posttransplant patient needs careful assessment.
Data from these studies are of direct clinical significance for a number of reasons. The clinical compartmentalization of the body into fat, skeletal muscle, and bone mass is relevant since the adverse metabolic and clinical consequences of obesity are related to increased fat mass. Weight gain after transplantation has been now considered to be primarily in the adipose tissue compartment with loss in the skeletal muscle and bone compartment [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Reduction in muscle mass and muscle strength are associated with reduced survival especially in cirrhotics [6, 61, 62] . Few studies have examined the mechanisms of sarcopenia in cirrhosis [63] [64] [65] [66] , but no studies have evaluated the possible reasons for failure to regain skeletal muscle mass after transplantation. Since HRQOL has been shown to be persistently impaired after transplantation in a number of studies [10] [11] [12] [13] , the contribution of sarcopenia to this major patient-centric outcome measure is not known. Finally, there are ongoing studies to understand the mechanisms of sarcopenia in cirrhosis and portosystemic shunting [63, 67, 68] , but there is a complete absence of any data on the mechanisms of posttransplant sarcopenia. There are recent data that a skeletal muscle secreted protein, irisin, drives brown-fat-like transformation of white adipose tissue, thereby increasing thermogenesis and potentially improving cardiometabolic risk factors in obesity [69] . This increases interest in studying muscle metabolism and biology with the goal of reducing posttransplant metabolic syndrome. It must also be reiterated that, despite median patient survival post transplant exceeding 10 years, the longest reported follow-up for nutritional assessment is only for a maximum of 2 years and the delayed responses are currently not clear.
Despite a number of descriptive studies, mechanisms that contribute to posttransplant sarcopenia have not been evaluated carefully. One suggestion is that the elevated resting energy expenditure in cirrhotics persists after liver transplant [70, 71] . Persistence of hypermetabolism after transplantation is one potential contributor to posttransplant sarcopenia. Use of immunosuppressive agents that alter skeletal muscle protein metabolism [72] [73] [74] [75] prevents recovery of skeletal muscle mass after transplantation. Corticosteroids increase proteolysis and impair protein synthesis. Myostatin, a potent inhibitor of muscle protein synthesis and regeneration, may be one mediator of the effects of steroids [76, 77] . Calcineurin inhibitors including tacrolimus and cyclosporine may also contribute to impaired muscle growth in response to anabolic stimuli [75, 78] . Cyclosporine has been reported to decrease skeletal muscle mitochondrial function in rats [79] .
Dig Dis Sci (2013) 58:3103-3111 3107
Tacrolimus has been reported to increase energy expenditure [80] and hypermetabolism, resulting in an impaired recovery pattern of skeletal muscle mass after transplantation. Immunosuppressants contribute to the risk of posttransplant infections and sepsis, which result in increased proteolysis and impaired protein synthesis [81] . Prevalence of posttransplant renal failure and renal impairment are increasing due to the use of calcineurin inhibitors [82] . Renal-sparing approaches, however, necessitate use of mTOR inhibitors that induce anabolic resistance and contribute to reduced muscle mass [83] . Renal failure, calcineurin inhibitors, and mTOR inhibitors all contribute to reduced muscle mass. Finally, increased physical activity after liver transplantation has been shown to be effective in improving quality of life and decreasing metabolic and orthopedic complications [84] . Even though increased physical activity and exercise have been shown to be beneficial in improving body composition and lean body mass after renal and heart transplantation, there are limited data on the impact of regular exercise on outcomes after liver transplantation [18, 28, [85] [86] [87] . Cross-sectional studies suggest persistently impaired exercise capacity after transplant [18] . These data suggest that, despite the large number of liver transplants performed in the USA and globally, little has been done to reverse the adverse skeletal muscle consequences. Reversal of posttransplant sarcopenia is likely to reduce the risk of posttransplant metabolic syndrome and consequent adverse outcomes in these patients [19] . Other contributors to post transplant sarcopenia include development of posttransplant infections, hospitalization, posttransplant renal failure, and insulin resistance (Fig. 1) . Even though many of these are a direct consequence of potent immunosuppressive agents, disease recurrence in the graft can also contribute to persistence or worsening sarcopenia. However, rejection has not been reported to contribute to loss of lean body mass [46] . Of the available interventions to reverse reduction in muscle mass, exercise and nutraceutical amino acid supplementation using leucine-enriched mixtures hold the most potential. Increasing recognition that exercise and leucine can have beneficial effects on body composition by their regulation of mTOR signaling [88] suggests that these need to be evaluated carefully in this population with the most need for increasing muscle mass and reduction in fat mass. Despite recognition of the negative impact of liver transplantation on body composition, one randomized trial that evaluated preoperative nutritional supplementation showed posttransplant benefits [89] . The effect of ongoing preoperative immunonutrient intervention on postoperative outcomes including muscle mass is likely to be interesting but focuses on a specific protocol to modulate immune function by dietary interventions [90] .
In conclusion, the primary focus of this review is to recognize post liver transplant sarcopenia as a distinct disorder and identify its potential impact on the clinical management of these patients. Identifying the critical link between sarcopenia and increase in fat mass post transplant will reduce the consequences of posttransplant metabolic syndrome. It must also be reiterated that these alterations in body composition may not be specific to liver transplant Fig. 1 Hepatocellular dysfunction and portosystemic shunting in cirrhosis contribute to sarcopenia before transplantation and are reversed at least partially by liver transplantation. However, a number of factors contribute to the development of posttransplant sarcopenia, including persistence of collaterals even after transplantation, recurrent infections that induce a catabolic state, immunosuppressant medications that inhibit mTOR and stimulate myostatin, posttransplant renal failure, and lifestyle changes with little or no exercise. Recurrent disease also contributes to the worsening muscle mass after transplantation alone, since sarcopenia is common in patients awaiting transplant of other organs including kidney, lung, and heart [91] [92] [93] [94] . In all these patients, similar mechanisms including recurrent disease, impact of immunosuppressive regimen, and complications after transplantation may contribute to posttransplant sarcopenia. Long-term followup studies are necessary to determine whether these early alterations in body composition persist and affect the longterm outcome. Translation of data from studies on sarcopenia [5] , identifying the molecular mechanisms, and evaluation of interventions including amino acid supplementation, exercise, and therapies targeted at improving skeletal muscle mass and function are likely to result in development of strategies to prevent and reverse posttransplant sarcopenia and improve outcomes in these patients.
